We describe approaches to neutron activation analysis and their application to post-separation autoradiographic detection of biological compounds. Specifically, we have extended the use of a "direct-labeling" method to the post-separation detection of DNA after gel electrophoresis and to the detection of nucleotides separated by TLC. In addition, we describe a more generally applicable "indirect-labeling" method in which separated compounds of interest are selectively bound to ligands containing highly neutron-activatable elements, such as manganese (5 Mn), europium ('5'Eu), or dysprosium (164Dy), and then irradiated with thermal neutrons. This method is illustrated with nucleotides separated by TLC and with prc teins separated by polyacrylamide gel electrophoresis. In contrast to the direct-labeling approach, the indirect-labeling method can be adapted to detect any class of substances for which a highly neutron-activatable, selectively binding ligand is available. The theoretically achievable sensitivity of the indirect-labeling method is in the attomole (10-18 mol) range.
ABSTRACT
We describe approaches to neutron activation analysis and their application to post-separation autoradiographic detection of biological compounds. Specifically, we have extended the use of a "direct-labeling" method to the post-separation detection of DNA after gel electrophoresis and to the detection of nucleotides separated by TLC. In addition, we describe a more generally applicable "indirect-labeling" method in which separated compounds of interest are selectively bound to ligands containing highly neutron-activatable elements, such as manganese (5 Mn) , europium ('5'Eu), or dysprosium (164Dy), and then irradiated with thermal neutrons. This method is illustrated with nucleotides separated by TLC and with prc teins separated by polyacrylamide gel electrophoresis. In contrast to the direct-labeling approach, the indirect-labeling method can be adapted to detect any class of substances for which a highly neutron-activatable, selectively binding ligand is available. The theoretically achievable sensitivity of the indirect-labeling method is in the attomole (10) (11) (12) (13) (14) (15) (16) (17) (18) mol) range.
Radioactive labeling is one of the most sensitive analytical strategies for the detection of chemical compounds. However, applications of this approach in biochemistry are often subject to significant constraints. In vivo radiolabeling may be complicated by radiation damage to cells and by competition from intracellular pools of precursors (1) (2) (3) (4) (5) . In vitro radiolabeling, though producing much higher specific radioactivities, often results in undesired chemical modification of the original compounds, which may greatly complicate their separation and identification unless radiolabeling is carried out after separation of the original compounds. As suggested more than 30 years ago (6), one general method for such post-separation labeling is that of neutron activation. This technique is based upon selective conversion (by neutron capture) of some of the atoms of the sample molecules to unstable isotopes whose radioactive decay is readily detected.
In the "direct-labeling" method of post-separation detection by means of neutron activation, one or more of the elements present in the separated compounds of interest are converted directly to their radioactive isotopes by irradiation with thermal neutrons in situ. In an early application of this approach, phosphorus (31P)-containing compounds, such as phospholipids, were detected after their separation by paper chromatography by using neutron activation to convert 31p into radioactive 32p (7) (8) (9) (10) (11) (12) . In the present work we have extended this direct-labeling method to the detection of nucleotides separated by TLC and to the detection of DNA separated by agarose gel electrophoresis. Neutron activation of 31p in the above compounds yields detection sensitivity comparable to that obtained by in vivo labeling and has the advantage that molecular species to be detected are labeled only after their separation.
In addition, we describe a more generally applicable "indirect-labeling" method of post-separation analysis in which separated compounds of interest are selectively bound to highly neutron-activatable elements and then irradiated with neutrons. This general method, illustrated below with nucleotides separated by TLC and with proteins separated by polyacrylamide gel electrophoresis, can be adapted to detect any class of substances for which a highly activatable, selectively binding ligand is available.
MATERIALS AND METHODS Materials. Unlabeled nucleotides (Pharmacia P-L Biochemicals) were dissolved in H20 and stored at -700C. TLC plates were polyethyleneimine (PEI)-impregnated cellulose layers bound to mylar sheets (Polygram cell 300 PEI from Brinkmann or Bakerflex PEI-cellulose from Baker).
Direct Labeling: Neutron Irradiation and Processing of TLC Plates and Agarose Gels. After TLC, the PEI-cellulose plates were immersed in glass-distilled CH30H (Omnisolve) for 10 min and then air-dried. The backs of supporting mylar sheets were taped with Scotch repair tape (3M) to strengthen the sheets, which become brittle during irradiation. 
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Indirect Labeling. Nucleotides. After TLC the PEI plate (Brinkmann) was immersed in 0.3 mM manganese acetate in glass-distilled CH30H for 10 min, unless stated otherwise, then immersed for an additional 10 min in CH30H alone, and thereafter irradiated for 6 hr at 1010 neutrons cm-2 sec-1.
Proteins. After electrophoresis of a standard mixture of proteins in lithium dodecyl sulfate (LiDodSO4)-containing 12% polyacrylamide minigels (0.75 mm thick, 8 x 10 cm, Hoefer, San Francisco), the gels were washed for 1 hr in 50% CH30H in H20, followed by washing in 10% CH3COOH/ 25% CH30H for 1 hr and incubation for 20 min in the same solvent with a mixture of 3 mM bathophenantroline disulfonate (BPS, Sigma) and either 1 mM EuCl3 or 1 mM DyCl3 (Aldrich). The gels were then washed for 30 min in several changes of 10% CH3COOH/25% CH30H. Dried gels were irradiated for 15 min at 1 x 1013 neutrons2cm.sec-1 and exposed for autoradiography.
Autoradiography. Irradiated and cooled down samples were wrapped in SaranWrap and exposed at -70'C with Kodak X-Omat AR film, either with or without intensifying screens (DuPont Lightning Plus). Filters (either a 0.5-mmthick aluminum foil or 0.2-mm-thick mylar sheets) were placed between the sample and both the film and intensifying screens to reduce interference from radiation due to traces of neutron-activated isotopes within the separation support materials. RESULTS Post-Separation Detection of Nucleotides and DNA by Direct-Labeling Neutron Activation. The sensitivity of the direct-labeling method for 31p was determined by spotting a 1:10 dilution series of ATP onto a TLC plate and then irradiating the plate with thermal neutrons (13) to convert 31P of ATP into 32p. The lowest amount of ATP detected after 12 hr of autoradiographic exposure was -5 pmol in a spot -2 mm in diameter (Fig. 1) contains three phosphorus atoms, the detection limit under these conditions is -5 pmol of 31p per mm2. The specific radioactivity of ATP obtained in this direct-labeling procedure is '13 x 103 cpm/,g or 2.7 mCi/mmol (1 Ci = 37 GBq), which is comparable to specific radioactivities of ATP produced by metabolic labeling of mammalian cells in culture with 32p. Fig. 2 shows the results of post-separation detection of nucleotides separated by TLC. Under the conditions used, 0.1 nmol of ADP and ATP are readily detectable after 6 hr of autoradiographic exposure (Fig. 2) . The relative intensities of spots are directly proportional to the number of phosphorus atoms present per nucleotide (Fig. 2 and data not shown) . Total intracellular nucleotides resolved either in a short unidimensional TLC run ( Fig. 2A) or in two-dimensional fractionations (data not shown) are also readily visualized by the direct-labeling neutron activation method.
In another application of the direct-labeling approach, as little as 0.5 ng of polyoma DNA separated by agarose gel electrophoresis could be readily detected by direct-labeling neutron activation after 12 hr of autoradiographic exposure (Fig. 3) .
Indirect (15) labeling method are the range of its applicability (only compounds that contain highly activatable elements can be detected) and its relatively low sensitivity. For instance, post-separation labeling of nucleotides by direct neutron activation as described above required irradiation at high neutron fluxes (4 x 1012 neutrons-cm 2 sec-1) for relatively long intervals (96 hr for the experiments in Figs. 1-3 ). This requirement results from the relatively low neutron capture cross section of 31p (0.19 barn; 1 barn = 1 x 10-24 cm2) and the relatively long half-life of the product nucleus, 32p (14 days). The problem could be circumvented if it were possible to detect nucleotides indirectly through neutron activation of elements other than 31P. For example, manganese (55Mn) has a 74-fold higher neutron capture cross section, 13.4 barns, and 56Mn, the product of neutron irradiation of "5Mn, decays with a half-life of only 2.6 hr. Thus, if Mn2+ ions bind to separated nucleotides more efficiently than they bind to a chromatographic support matrix, it should be possible to detect these compounds with shorter, lower-flux irradiations than those required in the direct-labeling method. Indeed, when one-dimensional chromatograms of adenosine nucleotides were treated with manganese acetate solutions and thereafter irradiated for 6 hr at the relatively low flux of 1 x 1010 neutrons-cm-2 sec-1, the spots ofATP (3 nmol), ADP (10 nmol), and AMP (2 nmol) were detectable after 12 hr of autoradiographic exposure (Fig. 4 A and B) . Upon reexposure of this chromatogram 24 hr later, no nucleotide spots were detectable ( Fig. 4B ; compare with Fig. 4C ), demonstrating that the autoradiographic signal was due to 56Mn rather than 32p
This indirect-labeling approach is readily generalized for the detection of any class of substances for which a highly activatable, selectively binding ligand is available, as shown below with proteins separated by gel electrophoresis.
Post-Separation Detection of Proteins by Indirect-Labeling Neutron Activation. As a protein-binding, neutron-activatable ligand we initially chose complexes of an aromatic dye, BPS, with either europium (Eu3+) or disprosium (Dy3+) ions. '51Eu and l64Dy are among the most highly activatable elements, with thermal neutron activation cross sections of 3000 and 2600 barns, respectively (l52mEu, t,12 9.3 hr; 165Dy, til2 2.3 hr). BPS (in a complex with multivalent metal ions) binds to proteins and has been proposed as a general protein stain (14) .
A LiDodSO4/12% polyacrylamide gel containing electrophoretically separated standard proteins was incubated with the Dy3+-BPS complex, washed to remove the free complex, and irradiated with neutrons for 15 min (see separated proteins at <0.1 ,g of protein per protein band (Fig. 5A) . Analogous results were obtained using the Eu3+-BPS complex (Fig. SB) . Since the background noise in the autoradiographic patterns of Fig. 5 the same half-life as the corresponding signal (data not shown), most of the background noise in Fig. 5 is due to the incomplete removal of dysprosium and europium not bound to proteins (since BPS-metal complexes used in the present work bind proteins noncovalently, more stringent washing of the gels removes the complexes from the support matrix and the proteins).
DISCUSSION
The major result of this work is the demonstration of feasibility of the indirect-labeling approach to post-separation detection of specific compounds by means of neutron activation. This method can be adapted to detect any class of substances for which a highly activatable, preferentially binding ligand is available.
The sensitivity of detection in the first applications of the indirect-labeling method (Figs. 4 and 5) is not higher than that available with more conventional detection techniques. However, it is clear that the sensitivity of, for example, protein detection using the above ligands (Fig. 5) is limited largely by the background noise as the signal itself could be readily increased by several orders of magnitude using >15-min irradiation times, higher neutron fluxes, and longer autoradiographic exposures. As shown below, the sensitivity of detection using the indirect-labeling method can in principle vastly exceed the sensitivity achievable by directlabeling protocols. The sensitivity of detection in neutron activation analysis depends in particular on the cross section of the element to be activated and on the half-life of the corresponding unstable isotope. Specifically, for w grams of an isotopically pure element with atomic weight of A, Nwot (1 - Using natural Eu as the indirect-labeling ligand (Fig. 5B ), and assuming a readily achievable neutron flux of 5 x 1013 neutrons-cm-2sec-1, application of the above formula shows that the specific radioactivity obtained after irradiating the sample for one half-life of the metastable Eu isotope, 152mEu (9. 3 hr), is -8.4 x 109 disintegrations mind ,ug-1 (dpm/Ag).
(Longer irradiations would produce not more than a 2-fold increase in specific radioactivity.) Furthermore, with conventional autoradiographic techniques, the detection limit for l52mEu is comparable to that for 32p, -0.5 dpm/mm2 for an autoradiographic exposure of 12 hr (Fig. 1 and data not  shown) . Assuming that a spot of a substance to be detected occupies 2 mm2, that on average five Eu atoms are bound to a molecule to be detected (e.g., to a protein molecule), and that residual binding of an Eu-containing labeling ligand to the separation matrix is negligible, application of the above formula yields a detection limit of -3 x 10-19 mol (0.3 amol).
Thus, it is clear that the sensitivity of detection achieved in the initial applications of the indirect-labeling method described in the present work is limited almost entirely by the background noise due to unbound ligands. One way to decrease background noise and to increase the relative amount of bound activatable ligand in future refinements of the indirect-labeling method is to employ reagents that can effect the selective and covalent attachment of neutronactivatable ligands to separated compounds of interest. Removal of the excess ligands by diffusion or other means could then be carried out much more efficiently and under more stringent conditions than are currently possible.
Achievement of no more than 10% of the theoretical sensitivity of detection by the indirect-labeling method should allow, among other things, post-separation detection and quantitation of low-to medium-abundance proteins from single mammalian cells. Since the indirect-labeling method can be adapted to detect any class of substances for which a highly neutron-activatable, selectively binding ligand is available, future applications of this method may be limited more by the chemical ingenuity of its users (construction of tightly binding activatable ligands) than by intrinsic limitations ofthe approach itself.
